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Abstract

Direct core-scale evidence remains insufficient for evaluating hydraulic fracture-natural
fracture coupling and stimulation effectiveness in tight sandstone oil reservoirs. In this
study, post-fracturing full-diameter cores from the Chang 8; tight oil reservoir in the Xi
119 well block, Xifeng Oilfield, Ordos Basin, were investigated using core observation,
computed tomography (CT) scanning, fracture-source evidence and three-dimensional
fracture-network reconstruction. A total of 87.56 m of core from 11 core runs was scanned
at a voxel size of 50.62 um. Natural fractures, hydraulic fractures and engineering-induced
fractures were identified and distinguished based on fracture-surface features, CT expres-
sion, spatial continuity, proppant/tracer evidence and their relationship with bedding and
lithological boundaries. The results show that lithological structure exerts a first-order
control on hydraulic-fracture surface morphology. Massive sandstone tends to generate
straight and continuous high-conductivity main fractures, argillaceous laminated sandstone
promotes bedding-controlled discontinuous fractures with limited connectivity, and cross-
bedded sandstone favors fracture diversion, branching and natural-fracture activation.
Based on fracture assemblage, spatial connectivity and seepage behavior, three hydraulic
fracture—natural fracture coupling types were classified: single hydraulic-fracture type, sin-
gle main fracture-diverted fracture—natural fracture type, and dual main fractures—diverted
fractures—natural fractures type. Their equivalent permeability increases stepwise from
155 mD to 345 mD and 586 mD, respectively, indicating a positive relationship between
fracture-network complexity and seepage capacity. A CT-derived stimulation-effect evalua-
tion framework was further established by integrating pore—fracture structural modifica-
tion, fracture volume increase, aperture improvement and seepage-capacity enhancement.
The dual main fractures—diverted fractures—natural fractures type shows the strongest
stimulation response, with the largest reduction in small-aperture pore/fracture proportion,
the greatest lamina-fracture aperture enlargement and the most significant permeability
improvement. These results provide direct core-scale evidence for understanding fracture-
network formation in continental tight sandstone reservoirs and support more targeted
hydraulic-fracturing design and stimulation-effect evaluation.
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1. Introduction

Horizontal drilling and multistage hydraulic fracturing have fundamentally changed
the development mode of unconventional oil and gas reservoirs. Since the large-scale
development of shale gas, shale oil and tight oil in North America, a relatively mature
technical system has been formed, including long horizontal laterals, dense perforation clus-
tering, high-intensity stimulation, microseismic monitoring, stimulated reservoir volume
evaluation and production-response analysis [1-5]. However, the geometry, connectivity
and conductivity of hydraulic fractures are still difficult to determine accurately only by
indirect methods such as microseismic interpretation, production logging, tracer response
and numerical simulation [4-8]. Post-fracturing coring from hydraulic fracturing test sites
provides direct physical evidence for identifying hydraulic fractures, natural fractures,
drilling-induced fractures and proppant distribution. Studies from the Midland Basin,
Delaware Basin and other North American test sites have shown that core observation
combined with computed tomography (CT) scanning can directly reveal fracture morphol-
ogy, fracture swarms, fracture-bedding interaction, fracture reactivation and the actual
complexity of stimulated fracture networks [6-10]. In recent years, advances in digital rock
physics have extended CT-based fracture characterization from qualitative description to
quantitative parameter extraction. High-resolution micro-CT imaging has been applied to
quantify fracture aperture, spatial topology and connectivity in tight sandstones at the mi-
crometer scale, and full-sample CT analysis workflows have been developed to characterize
geometric attributes of induced fractures under different stress conditions [11,12].

Meanwhile, machine learning and deep learning algorithms (e.g., U-Net architec-
tures and hybrid deep learning frameworks) have been gradually introduced to CT image
segmentation and automatic fracture identification, significantly improving processing
efficiency for large-volume CT datasets [13,14]. However, for post-fracturing core samples
with complex fracture genesis and strong sedimentary heterogeneity, manual interpretation
combined with multi-source geological evidence (core observation, proppant tracing, stress
direction calibration) is still the mainstream scheme for reliable fine fracture character-
ization, purely data-driven Al methods still face challenges in distinguishing fractures
from sedimentary interfaces in heterogeneous continental sandstones, and thus manual
interpretation constrained by multi-source geological evidence remains the mainstream for
reliable post-fracturing fracture characterization. This study adopts this semi-automatic
workflow to ensure both processing efficiency and geological accuracy.

These studies indicate that physical core evidence is indispensable for reducing the un-
certainty of fracture-network interpretation and for calibrating hydraulic-fracturing models.

On the basis of North American experience, China has gradually developed reservoir-
specific stimulation technologies for continental and structurally complex unconventional
reservoirs. Compared with many marine shale reservoirs in North America, Chinese uncon-
ventional reservoirs commonly show stronger lithological variability, more complex sedi-
mentary stacking, stronger mechanical heterogeneity and more pronounced stress—fracture
interaction [15-17]. In shale gas reservoirs, the Fuling shale gas field has promoted three-
dimensional development technology, post-fracturing coring and fracture-network evalua-
tion for vertically superposed shale gas reservoirs [18,19]. In continental shale oil reservoirs,
the Chang 7 Member of the Ordos Basin and the Gulong shale oil reservoir of the Songliao
Basin have promoted sweet-spot optimization, long-horizontal-well volume fracturing,
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dense fracture cutting, bedding-controlled stimulation, proppant-placement analysis and
well-cluster development [20-25]. In tight conglomerate reservoirs, field experiments and
mechanism studies from the Mahu Sag have focused on multi-cluster fracture initiation,
fracture propagation through strongly heterogeneous conglomerates and optimization
of fracturing design under gravel-controlled heterogeneity [26-29]. These studies show
that China has not simply copied the North American model; rather, it has inherited and
extended hydraulic-fracturing technologies in continental shale gas, shale oil and tight
conglomerate reservoirs according to reservoir type and geological conditions. For tight
sandstone reservoirs, recent studies have made progress in stimulated reservoir volume
(SRV) quantification based on microseismic interpretation, production data inversion and
numerical simulation.

For instance, a material-balance-based SRV evaluation framework has been proposed
for naturally fractured unconventional reservoirs, which comprehensively considers natural
fracture development, stress effects and fracturing fluid imbibition [30].

For continental tight sandstone reservoirs in the Ordos Basin, SRV has been widely
recognized as the core target of volume fracturing, but these indirect evaluation methods
still have large uncertainty in characterizing the internal structure and actual conductivity
of fracture networks [31]. Most existing SRV models are calibrated by production data
rather than direct core observations, leading to large uncertainty in internal fracture conduc-
tivity characterization. The core-scale quantitative data obtained in this study can provide
direct calibration parameters for SRV evaluation of continental tight sandstones. Never-
theless, direct core-based characterization of post-fracturing fracture networks remains
insufficient for tight sandstone oil reservoirs. Tight sandstone reservoirs of the Yanchang
Formation in the Ordos Basin are generally characterized by low porosity, low permeability,
strong lithological heterogeneity, complex diagenetic modification and locally developed
natural fractures [32-35]. Staged fracturing of horizontal wells is therefore necessary for
economic development, but the evaluation of stimulation effectiveness still largely de-
pends on indirect monitoring data, production response and numerical simulation [36].
In particular, the following issues remain insufficiently constrained by full-diameter core
evidence: how lithological-structure controls hydraulic-fracture surface morphology, how
newly generated hydraulic fractures couple with pre-existing natural fractures, and how
fracture-network architecture is transformed into seepage capacity. The lack of direct core-
scale evidence limits the conversion of qualitative fracture descriptions into quantitative
parameters that can support perforation-cluster design, fracture-network regulation and
well-pattern optimization. Previous fracture-network classification schemes are mostly
established based on numerical simulation, outcrop observation or microseismic data,
which cannot directly reflect the actual coupling state of hydraulic and natural fractures
at the core scale. Different from existing studies, this work constructs a classification
system of hydraulic fracture—natural fracture coupling based on direct post-fracturing
full-diameter core CT data from the Chang 8 tight reservoir, and establishes a quantitative
causal chain from lithological structure to coupling type and then to stimulation effect.
The proposed classification is further supported by pore-scale permeability simulation
results, providing measurable geological parameters for fracturing design optimization.
Different from existing classification schemes mostly derived from numerical simulation
or indirect monitoring, this study establishes a core-scale coupling classification system
with quantitative permeability constraints, which is more applicable to continental tight
sandstones with strong lithological heterogeneity.

In this study, post-fracturing full-diameter cores from the Chang 8; tight sandstone
oil reservoir in the Xi 119 well block of Xifeng Oilfield, Ordos Basin, are used to char-
acterize complex fracture networks and evaluate hydraulic-fracturing effects based on
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core CT scanning. The objectives are to: (1) identify natural fractures, hydraulic fractures
and engineering-induced fractures using core observation, CT images and fracture-source
evidence; (2) clarify the control of lithological structure on hydraulic-fracture surface
morphology and fracture-network complexity; (3) establish a classification scheme for
hydraulic fracture-natural fracture coupling based on fracture assemblage, spatial connec-
tivity and seepage behavior; and (4) develop a CT-derived stimulation-effect evaluation
framework integrating pore—fracture structural modification, fracture volume increase,
aperture improvement and equivalent seepage capacity. This study provides direct core-
scale evidence for understanding fracture-network formation in continental tight sandstone
oil reservoirs and offers a geological basis for optimizing hydraulic-fracturing design and
stimulation-effect evaluation.

2. Materials and Methods
2.1. Study Area and Core Material

The Xi 119 well block is located in the southern Tianhuan Depression on the south-
western margin of the Ordos Basin, China. Tectonically, the study area lies within a gentle
west-dipping monocline with an average stratigraphic dip of 1-3°; only low-amplitude
nose-like structures develop locally, and no large-scale faults or folds are developed in
the Triassic Yanchang Formation target interval. The Chang 8; tight sandstone reservoir
was deposited in a delta front environment, with widely developed bedding and lamina
structures that form the main natural weak planes in the reservoir.

Regionally, the Yanchang Formation has undergone multi-phase tectonic adjustments:
the Indosinian movement controlled the sedimentary and diagenetic process, the Yan-
shanian movement was the main period of regional tectonic fracture formation, and the
Himalayan movement further adjusted the present in situ stress field. The present-day
stress regime is characterized by a strike-slip state (c_H > o_v > 0_h), with the maximum
horizontal principal stress oriented at approximately N70° E, which is consistent with the
dominant propagation direction of hydraulic fractures in this area. The above regional
geological background provides the basic geological framework for natural fracture devel-
opment and hydraulic fracture propagation. This study focuses on the characterization of
hydraulic fracture-natural fracture coupling and post-fracturing stimulation effects, and
does not further discuss the genetic relationship between tectonic evolution and natural
fracture development.

The post-fracturing coring well was arranged within the hydraulic-fracturing test area
of the Xi 119 well block. As shown in Figure 1b, the coring well Xi119-19-39H, referred to
as Well 3 in the field layout, was deployed between two adjacent fractured horizontal wells,
Xi119-20-38X and Xi119-20-39X, referred to as Well 2 and Well 4, respectively. The hori-
zontal section of Well 3 is 480 m long, with an azimuth of 231.7°. Its heel and toe sections
were designed to approach the expected fracture-propagation zones of the adjacent frac-
tured wells, allowing the recovered cores to capture hydraulic fractures, diverted fractures,
reactivated natural fractures and adjacent intervals with weaker fracture development.

The well-spacing relationship in Figure 1b shows that Well 3 is asymmetrically po-
sitioned relative to Wells 2 and 4. Along the maximum horizontal stress direction, the
distance between Well 3 and Well 2 is approximately 150 m, whereas the distance between
Well 3 and Well 4 is approximately 80 m. The corresponding perpendicular distances
between the horizontal sections are about 80 m and 30 m, respectively. This asymmetric
layout was designed to obtain fracture-network information at different distances from the
fractured wells and to improve the chance of intersecting hydraulically induced fracture
systems within the recovered core. As a result, the coring well provides both geological
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evidence for fracture-network interpretation and an engineering reference for evaluating
the effectiveness of the fracturing design.
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Figure 1. Geological setting and post-fracturing coring-well deployment of the Xi 119 well block.
(a) Geological background, including (i) tectonic location of the study area and (ii) stratigraphic
column of the Triassic Yanchang Formation; (b) deployment of the coring well and adjacent fractured
horizontal wells in the Xi 119 well block.

A total of 223.57 m of full-diameter core was recovered from Well 3. Among these
cores, 11 core runs from the Chang 81 interval were selected for full-diameter CT scanning,
including core runs 4, 6, 8, 9, 13, 17, 18, 21, 22, 24 and 25. The scanned intervals range
from 2557.10 to 2834.48 m, with a cumulative scanned length of 87.56 m and a voxel size of
50.62 um (Table 1). These core materials cover both fracture-bearing intervals and adjacent
intervals with relatively weak fracture development, thereby supporting the subsequent
CT-based fracture identification, hydraulic fracture-natural fracture coupling classification
and stimulation-effect evaluation.

2.2. Core CT Scanning and Image Processing

Full-diameter core CT scanning was performed using an industrial X-ray CT system
(Geoscan-200, Tianjin Sanying Precision Instruments Co., Ltd., Tianjin, China) with a spatial
resolution of 50.62 pm. The scanning was conducted in continuous helical mode, and the
reconstructed 16-bit grayscale images cover the full diameter of the core samples. Key
scanning parameters are summarized in Table 1, and the scanning system and workflow
are shown in Figure 2.
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Table 1. Core CT scanning and image-processing dataset.

Formation Core Run Cumulative Scanned Scanned Depth  Voxel Size

Length (m) Interval (m) (um)
4 7.92 2557.10-2565.02
6 8.63 2576.00-2584.63
8 9.33 2594.40-2603.73
9 9.01 2623.00-2632.01
13 9.30 2677.50-2686.80

Chang 8; 17 2.93 2743.00-2745.93 50.62
18 9.26 2745.93-2755.19
21 9.34 2774.50-2783.84
22 9.06 2783.84-2792.90
24 3.46 2821.70-2825.16
25 9.32 2825.16-2834.48

Total 87.56 — —

Figure 2. Core CT scanning dataset and image-processing workflow for full-diameter post-fracturing
cores. (a) CT scanning system; (b) full-diameter core during scanning; (c) representative reconstructed
CT slice; (d) interpreted fracture/lamina traces; (e) three-dimensional visualization of interpreted
fracture features.

Fracture identification from grayscale CT images is based on the density difference
between fracture space and rock matrix: fractures and pores are filled with air or low-
density residual fluid, showing significantly lower CT values (Hounsfield Units, HU)
than the dense sandstone matrix. For the studied Chang 8; tight sandstone samples, the
grayscale distribution presents clear zoning corresponding to different components:

Dense sandstone matrix: approximately 2200-2800 HU, with quartz and feldspar
grains showing the highest grayscale values; argillaceous components and laminae: ap-
proximately 1200-1800 HU, lower than sandy matrix due to higher clay content; pores,
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fractures and vugs: below 900 HU, forming distinct low-grayscale linear or banded anoma-
lies in the images.

The segmentation threshold was determined through a two-step workflow of au-
tomatic calculation and geological calibration. First, the Otsu algorithm was applied to
automatically calculate the optimal grayscale boundary between matrix and pore—fracture
space, yielding an initial threshold of approximately 900 HU. Second, manual geological
calibration was carried out by matching CT slices with core observation results: for each
core run, 5-8 typical fracture intervals identified on core surfaces were selected to verify
and locally adjust the threshold, ensuring that the interpreted fracture traces on CT images
are consistent with the actual fracture occurrence, continuity and cross-cutting relationships
observed on the core. Interfaces with low grayscale but continuous bedding-parallel distri-
bution were further distinguished as bedding planes rather than open fractures according
to their geological occurrence.

This semi-automatic interpretation workflow ensures that the threshold selection is
not only statistically optimal but also geologically reasonable, avoiding misidentification of
diagenetic bands and argillaceous laminae as effective fractures.

Image processing and three-dimensional reconstruction were performed using Drag-
onfly (version 2022.2.0.1367; Object Research Systems (ORS) Inc., Montreal, QC, Canada)
and PerGeos (version 2020.1; Thermo Fisher Scientific, Grenoble, France). After CT scan-
ning, the reconstructed image stacks were checked against the core-run depths and core
photographs to ensure depth consistency. The image interpretation was then conducted at
both slice and volume scales. At the slice scale, linear, curvilinear or branching grayscale
discontinuities were examined according to their continuity, width expression, relationship
with bedding and connection with adjacent fractures. At the volume scale, interpreted
fracture segments were traced in three dimensions to clarify their spatial extension, intersec-
tion relationship and connectivity. Bedding, laminae and lithological boundaries were also
recorded because these features may control hydraulic-fracture diversion, natural-fracture
reactivation and local fracture-network complexity.

The CT interpretation included four groups of information: image processing and
three-dimensional reconstruction; conventional pore—fracture—cavity and porosity interpre-
tation; sedimentary-structure interpretation, including bedding and lamina-density char-
acteristics; and reservoir-structure interpretation, including CT-resolvable pore—fracture
size classes and lamina-fracture features. These interpreted data were used in the follow-
ing sections to distinguish natural fractures, hydraulic fractures and engineering-induced
fractures, and to establish the hydraulic fracture-natural fracture coupling types.

Regarding the uncertainty caused by the voxel size of 50.62 pm, the minimum reliably
quantifiable fracture aperture is 1 voxel (i.e., ~50.6 um). For fractures with apertures
larger than 3 voxels (~150 um), the relative measurement error of aperture is less than
10%; for fractures with apertures between 1 and 3 voxels, the relative error increases to
15-25%. Since the main hydraulic fractures and dominant fracture channels in this study
are mostly larger than 150 um, the voxel-resolution uncertainty has limited impact on the
overall permeability evaluation and coupling type classification. A sensitivity analysis was
conducted by artificially adjusting the fracture aperture threshold within the measurement
error range and recalculating the equivalent permeability of each coupling type. The results
show that a £20% variation in fracture aperture leads to a 12-18% change in equivalent
permeability, which does not alter the stepwise-increasing trend of permeability from
Type I to Type III. The voxel size of 50.62 um defines the effective scale of the CT-based
interpretation. Therefore, fractures or lamina-related discontinuities smaller than the
voxel scale were not treated as independently quantified CT apertures. Such features
were used only when they were supported by core-surface observations, fracture-surface
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characteristics or fracture-source evidence. Accordingly, the quantitative analysis in this
study focuses on core-scale fractures and CT-resolvable pore—fracture structures, while
sub-voxel microfractures are discussed only as auxiliary qualitative evidence.

2.3. Fracture Identification and Source Determination

Fracture identification was carried out by integrating core observation, CT image inter-
pretation, fracture-surface characteristics and field source-tracing evidence. Representative
core-scale fracture features used for source determination are shown in Figure 3. Fresh ten-
sile fracture surfaces, rough and uncemented fracture walls, fracture traces cutting bedding,
bedding or lamina-parallel discontinuities, and short disturbance-related fractures were
compared before each interpreted fracture segment was assigned to a genetic category. To
ensure consistency in fracture identification, three key descriptive terms used for hydraulic

fracture recognition are defined as follows:

Figure 3. Representative fracture features and source-determination evidence in post-fracturing cores.
(a,b) Natural fracture; (c,d) hydraulic fracture; (e f) engineering-induced fracture.

Fresh tensile surfaces: Unweathered, uncemented fracture walls formed by hydraulic
tensile failure, characterized by a rough, mineral-fresh morphology without secondary
filling of calcite, bitumen or clay coating, which distinguishes them from filled or altered
natural fracture surfaces. Large aperture: Fractures with an effective width greater than
150 pm measured on CT images, corresponding to the dominant flow channels in the
fracture network. Strong continuity: Fractures with an uninterrupted extension length
greater than 50 cm at the core scale, without significant interruption or offset by lithological
interfaces or argillaceous laminae.

On the basis of these observations, fractures in the post-fracturing cores were divided
into three major categories: natural fractures, hydraulic fractures and engineering-induced
fractures. Natural fractures include tectonic fractures, bedding/lamina fractures and
diagenetic shrinkage fractures. Hydraulic fractures include main hydraulic fractures,
diverted fractures and reactivated fractures. Engineering-induced fractures mainly include
drilling-induced fractures and, where identifiable, handling- or operation-related secondary
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fractures. The detailed identification criteria, including key evidence, CT expression,
geometric characteristics and network role, are summarized in Table 2.

Table 2. Identification criteria and classification of fractures in post-fracturing cores.

Fracture Category Key Evidence CT Expression Geometry Network Role
Slickensides, Continuous or
cement/bitumen semi-continuous . Natural weak
— . . High angle; )
filling; consistent high-angle locallv Ton plane; may be
with regional bands; cuts y long: reactivated.
fracture trend. bedding.
. Low-angle or
Follovl\;srrlloii(l?ng ot bedding-parallel Low angle; Guides
Natural fracture . ’ thin bands; variable diversion and
sedimentary control o .
. . commonly continuity. branching.
is obvious. . .
discontinuous.
Shrinkage/ Pom.t “like, Minor
) short-linear or .
dehydration- . Small aperture; connector in
reticulate . .
related; small and short extension. microfracture
. low-gray
irregular. . networks.
anomalies.
Fresh tensile surface; )
roppant/ tracer Large aperture;
propp High-gray, wide strong Main
. evidence; near : .. .
Main fracture . and continuous  continuity; good conductive
maximum
. bands. cross-bed pathway.
horizontal stress )
N penetration.
direction.
Main fracture
deflected b . . .
Hydraulic fracture erected by Curved, Oblique to main ~ Connects main
bedding, natural
. . branched or fracture; shorter and natural
fractures, lithologic . .
. zigzag bands. extension. fractures.
interfaces or local
stress.
. Reopened or Gray val.ue and Inherits original Couples
Reactivated enlarged aperture increase . hydraulic and
.. .. attitude; uneven
pre-existing natural along existing natural
aperture.
fracture. fracture. fractures.
11 scale;
Local short Srr}a Seates Screen out
. . Borehole orientation .
Engineering- . cracks near . from effective
. disturbance or stress differs from
induced fracture borehole or . network
release. geological
damaged zones. assessment.
fractures.

Natural fractures were identified mainly from inherited geological features. Tectonic
fractures are commonly characterized by slickensides, cement or bitumen filling, relatively
stable attitudes and occurrence directions consistent with the regional fracture trend. Bed-
ding and lamina fractures are controlled by sedimentary structures and commonly develop
along bedding or laminae. Diagenetic shrinkage fractures are generally smaller, more
irregular and less continuous. On CT images, these fractures were interpreted according to
their gray-value contrast, attitude, continuity and relationship with bedding or laminae.
These image features were checked against fracture-surface characteristics on the core
whenever possible.
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Hydraulic fractures were distinguished from natural fractures by their fresh tensile
surfaces, relatively large aperture expression, stronger continuity and spatial relationship
with the expected hydraulic-fracture propagation direction. Main hydraulic fractures com-
monly form the principal conductive pathways after stimulation. Diverted fractures were
interpreted where the main fracture changed direction along bedding, lithologic inter-
faces, natural fractures or local stress perturbations. Reactivated fractures were identified
where pre-existing natural fractures were reopened or enlarged during hydraulic fracturing;
such fractures usually inherit the original fracture attitude but show increased aperture,
enhanced CT contrast or a clearer connection with hydraulic fractures.

Source determination of hydraulic fractures did not rely on CT morphology alone.
Proppant particle size, proppant color, tracer response, microseismic interpretation and
the spatial relationship between the coring well and adjacent fractured wells were jointly
considered. When proppant or tracer evidence occurred in the same interval as a CT-
recognized fracture, and when the fracture attitude was consistent with the main hydraulic-
fracture propagation direction, the fracture was interpreted as a hydraulic fracture or a
hydraulically reactivated fracture. This multi-evidence procedure reduced the uncertainty
that would arise if hydraulic fractures were identified only from CT gray-value anomalies.

Engineering-induced fractures were screened out before fracture-network evaluation.
These fractures are commonly short, local and closely related to drilling disturbance, core
handling or borehole stress release. Their orientation may differ from the regional natural-
fracture trend and from the expected hydraulic-fracture direction. Therefore, a three-step
screening procedure was adopted to exclude engineering-induced fractures: (1) eliminate
all fractures within 5 cm of the core surface and core ends, which are prone to stress release
damage; (2) reject fractures with orientations deviating by more than 30° from the regional
natural-fracture trend and the expected hydraulic-fracture propagation direction (N70° E);
(3) exclude discontinuous, short-length (<10 cm) fractures without clear connection to
main hydraulic fractures or natural fractures. Only fractures passing all three screening
criteria were included in the effective hydraulic fracture-natural fracture coupling analysis.
These screening criteria are widely adopted in post-fracturing core fracture characteri-
zation studies and can effectively distinguish drilling-induced mechanical damage from
geological fractures.

2.4. Equivalent Permeability Simulation

Three-dimensional digital core models reconstructed from CT data were used to
calculate equivalent permeability via the lattice Boltzmann method (LBM).

2.4.1. Simulation Settings

The D3Q19 LBM model was adopted for single-phase incompressible laminar flow
simulation. A constant pressure difference of 2 MPa was applied along the core axial
direction (parallel to the maximum horizontal stress direction) as the driving force, and all
side boundaries were set as no-flow walls. The simulated fluid had a viscosity of 1 mPa-s,
consistent with crude oil viscosity under reservoir conditions. The convergence criterion
was defined as a relative change in the velocity field of less than 10~° between adjacent
iteration steps.

Simulations were performed on selected representative intervals rather than the entire
scanned section, to balance computational efficiency and geological representativeness. For
each coupling type, three core intervals with lengths of 40-50 cm were selected according to
typical fracture development characteristics, and the arithmetic average of the three results
was taken as the representative equivalent permeability of the type.
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2.4.2. Method Validation and Limitations

The LBM-based permeability simulation method has been widely verified in digital
rock physics studies. For tight sandstone samples, LBM results generally show a relative
error of less than 15% compared with core flooding measurements, which is acceptable for
comparative analysis between different fracture types.

In this study, no direct core flooding experiments were conducted on post-fracturing
cores, due to sample integrity requirements and the risk of proppant displacement during
testing. The permeability values reported are therefore numerical simulation results, used
primarily for comparative analysis among coupling types rather than as absolute reservoir
parameters. The relative trend of permeability across the three types is robust and not
affected by deviations in absolute values.

3. Results

3.1. Fracture Identification from Core CT and Lithological-Structure Controls on Hydraulic
Fracture Surfaces

Based on post-fracturing full-diameter core samples from the Xi 119 well block, a
multi-scale fracture identification workflow was established by integrating core description,
high-resolution CT scanning, and proppant tracing. Three types of genetic fractures are
developed in the post-fracturing cores in the study area: natural fractures (including
tectonic fractures, bedding fractures and diagenetic shrinkage fractures), hydraulically
induced fractures (including main fractures, diverted fractures and reactivated fractures)
and engineering-induced fractures generated during drilling and coring.

Statistical results show that bedding fractures account for the highest proportion (about
62%) among all fractures, which is consistent with the classification statistics in Table 2
and forms the basis for the coupling between hydraulic fractures and natural fractures.
Hydraulic main fractures constitute the backbone of the fracture network, diverted fractures
play a role in bridging main fractures and natural fractures, and reactivated fractures, as
the product of natural fractures reopening during fracturing, are the key nodes for effective
coupling of the fracture network.

Lithologic structure has a significant control effect on the geometric morphology
of hydraulic fracture surfaces, and there are systematic differences in fracture surface
morphology, flatness, aperture, continuity and CT image response characteristics among
sandstones of different lithologies (Table 3). Among them, massive sandstone has low
argillaceous content, high brittleness index and extremely undeveloped bedding. Hydraulic
fractures are dominated by straight and complete main fractures with large aperture
(802000 um) and strong continuity, which appear as high-gray continuous broad bands
on CT images. Natural weak planes have weak control on fracture propagation in this
lithology, and a single high-conductivity channel is easily formed after fracturing, with low
fracture-network complexity but excellent single-fracture seepage capacity.

Argillaceous laminated sandstone has high argillaceous content and strong plastic-
ity. Hydraulic fractures propagate in a curved and discontinuous manner along argilla-
ceous laminae, with small and extremely uneven aperture (20-600 um), which appear as
low-medium-gray discontinuous bands on CT images. Laminae and argillaceous interlay-
ers have strong control on fracture propagation, resulting in poor fracture continuity and
weak connectivity. The stimulation effect of conventional fracturing technology is limited,
and targeted optimization of injection rate and proppant placement technology is required.

Cross-bedded sandstone develops multiple sets of bedding weak planes in different
directions. Hydraulic main fractures tend to turn along dominant bedding planes and
activate a large number of branch fractures at the same time. The overall fracture surface
is in an interlaced broken line shape with medium aperture (40-1000 pm), which appears
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as medium-high-gray interlaced bands on CT images. Cross-bedding provides abundant
dominant paths for fracture propagation, and the fracture network formed after fracturing

has high complexity, medium-strong seepage capacity and good stimulation effect.

Table 3. Hydraulic-fracture surface characteristics in different lithological structures.

litativ ntitativ Role of ral
Rock-Structure Qualitat e Quantitative CT Image ole of Natura Engineering
Morphological Aperture & O Weak Planes/ s
Type . S Characteristics . Implication
Description Continuity Features Bedding
High-conductivity
traight and Aperture: . main fracture;
Straig . perture: . Weak bedding | tracture
. complete main 80-2000 um; single High-gray relatively low
Massive . . ¢ . control; low .
fractures; little continuous main continuous network complexity;
sandstone . . . natural-fracture .
diversion or fracture; core-scale wide bands. .. . suitable for
. . activation potential. . .
branching. extension > 50 cm. increasing fracture
density.
Aperture: Stron Limited continuity;
Bending or 20-600 pm, highly Low-medium- . 4 optimize fluid
. . . lamina/argillaceous .
Argillaceous discontinuous uneven; frequent gray control: beddin volume, injection
laminated fractures along interruption by discontinuous ! g rate and proppant
. . . fractures are easily
sandstone laminae; steps and  argillaceous laminae; bands along . placement to
. . . activated but poorly S
irregular surfaces. single segment laminae. maintain
connected. .
length <30 cm. conductivity.
. Aperture: . Favors complex
in fr. I . . ross- in
Ma [racture 40-1000 pm; Medium-high- C.OSS bedding . network
diversion along L. . . provides preferential
Cross-bedded - multi-directional gray interlaced . development; focus
bedding; branches . . . weak planes; high ..
sandstone fracture intersection; bands with clear on local connectivity

and reactivated
bedding fractures.

local network branches.

structure.

natural-fracture
activation potential.

maintenance and

proppant transport.

The above differences indicate that the morphology of hydraulic fracture surfaces is
mainly controlled by two factors: the “brittleness—plasticity” mechanical properties of the
reservoir and the “bedding development degree”, which provides a lithological basis for
the subsequent classification of hydraulic fracture-natural fracture coupling types. These
lithology-dependent variations in hydraulic fracture morphology are clearly visualized
in Figure 4.

3.2. Classification of Hydraulic Fracture—Natural Fracture Coupling Types

Based on the spatial coupling form of hydraulic fractures and natural fractures, frac-
ture network skeleton structure and macroscopic connectivity characteristics, combined
with quantitative parameters such as fracture linear density, connectivity and equivalent
permeability obtained from CT 3D reconstruction, the complex fracture networks formed
after fracturing in the study area are divided into three typical types. The differences in
fracture combination characteristics, formation geological conditions, quantitative parame-
ter thresholds and seepage capacity of various fracture networks are shown in Table 4. All
quantitative parameters are derived from systematic statistics of the 87.56 m CT-scanned
core interval. For each coupling type, three to five representative core segments (40-50 cm
in length) were selected for detailed parameter extraction: fracture linear density is defined
as the number of effective fractures per meter of core; connectivity is the proportion of
fractures connected to the main fracture system relative to total fractures, calculated via 3D
network topology analysis; and equivalent permeability is obtained via lattice Boltzmann
method simulation. Average values of multiple samples are taken as the characteristic
parameters for each coupling type, with all thresholds summarized in Table 4.
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Figure 4. Comparison of hydraulic fracture morphologies under different lithological structures in
tight sandstone cores. Each panel pairs a core photograph (left) with the corresponding CT slice
(right) from the same depth interval; blue areas in CT slices represent interpreted open fractures
and bedding laminae. (a) Massive sandstone (depth: 2581.60-2582.40 m); (b) argillaceous laminated
sandstone (depth: 2624.60-2625.40 m); (c) cross-bedded sandstone (depth: 2823.40-2824.30 m).

Table 4. Classification of hydraulic fracture-natural fracture coupling types.

Type Fracture Qualitative Key Quantitative Seepage-Capacity Grade
P Assemblage Identification Criteria Characteristics Characteristics
. . Linear density
Single main Clear main fracture; 2—4 fractures/m;
Type I: Single hydraulic fracture; ! . o Single-path flow;
. few branches; weak connectivity <20%; .9, .
hydraulic-fracture weak or absent . . . limited matrix Weak
diverted/reactivated equivalent
type natural-fracture P bili supply.
couplin ractures. permeability
pung. <200 mD.
. . Linear density
Type It .Smgle Qne mam f.r acture Distinct spatial 5-8 fractures/m; Branching network
main linked to diverted . . . .
. intersections; local connectivity 20-60%; flow; expanded
fracture—diverted fractures and local . . . Moderate
. multi-branch equivalent matrix supply
fracture—natural natural/lamina . i
fracture type fractures conductive channels. permeability range.
' 200-350 mD.
Two main hydraulic Coexisting Linear density .
. . . Composite
Type III: Dual main fractures plus parallel/intersecting >8 fractures/m; .
. . . . . conductive
fractures—diverted diverted and main fractures; connectivity >60%; .
. . network with Strong
fractures—natural abundant extensive natural equivalent
: C s strongest seepage
fractures type reactivated natural ~ fracture participation; permeability capacit
fractures. high 3D connectivity. >350 mD. pactty:

The first type is single hydraulic-fracture type (Type I), whose fracture network skele-
ton is a single straight hydraulic main fracture without obvious diverted branches and
fails to effectively communicate with surrounding natural fractures. This type of fracture
network is mainly formed in areas with undeveloped natural fractures, strong reservoir
lithology homogeneity or far from the fracturing well. The core quantitative parameters
are fracture linear density of 2—4 fractures/m, fracture connectivity <20% and equivalent
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permeability <200 mD. Fluid seepage shows unidirectional linear flow characteristics, the
supply range of matrix to fractures is limited, the overall seepage capacity is poor, and the
development value is low. On core surfaces, this type appears as a single penetrating main
fracture with few secondary fracture traces.

The second type is single main fracture—diverted fracture-natural fracture type (Type
II), which takes a single hydraulic main fracture as the core. Diverted fractures gener-
ated during the propagation of main fractures bifurcate and extend, and communicate
with some reactivated natural fractures, forming a three-level primary grid structure of
“main fracture-diverted fracture-natural fracture”. This type of fracture network is formed
under the geological conditions where natural fractures are moderately developed and
fracturing fluid energy is sufficient to support the propagation of main fractures and
activate some natural fractures. The core quantitative parameters are fracture linear den-
sity of 5-8 fractures/m, fracture connectivity of 20-60% and equivalent permeability of
200-350 mD. The fluid seepage path changes from unidirectional linear to multi-branch
network, the matrix supply range is significantly expanded, and the overall seepage capac-
ity is good. This type is the most widely distributed fracture network type in the study area,
accounting for about 65% of the total length of fracture-bearing intervals in the 87.56 m
scanned core, and also the most valuable fracture network type for development at present.
Core observations show distinct branching and deflection of the main fracture, with partial
connection to bedding-parallel natural fractures.

The third type is dual main fractures—diverted fractures—natural fractures type (Type
I1I), which takes two nearly parallel or intersecting hydraulic main fractures as the skeleton.
Diverted fractures widely connect the two main fractures and interweave with a large
number of reactivated natural fractures to form a three-dimensional complex fracture
network system. This type of fracture network is mainly formed in areas with densely
developed natural fractures, strong reservoir heterogeneity, close to the fracturing well
and sufficient fracturing fluid energy. The core quantitative parameters are fracture linear
density >8 fractures/m, fracture connectivity >60% and equivalent permeability >350 mD.
Fluid seepage shows dual-channel high-efficiency conductivity characteristics, multi-level
branch fractures cover the entire stimulation area, and the overall seepage capacity is
optimal (CT numerical simulation permeability can reach 586 mD), which is the preferred
fracture network target area for efficient development of tight sandstone reservoirs. Core
photographs show two distinct main fracture surfaces accompanied by abundant secondary
fractures and activated bedding fractures, with widespread intersection and branching.

From Type I to Type 111, the equivalent permeability of the fracture network increases
from 155 mD to 345 mD and then to 586 mD, and the complexity of the fracture network
and the overall seepage capacity show a stepwise increasing positive correlation. Figure 5
presents the CT-based 3D reconstruction models of these three typical coupling types,
providing intuitive evidence for their structural differences.

3.3. Digital-Core-Based Evaluation of Stimulation Effects

Post-fracturing stimulation effects were quantitatively evaluated by comparing stim-
ulated intervals with adjacent unstimulated intervals across four dimensions (Table 5):
pore—fracture structural modification, fracture volume increase, aperture improvement and
seepage-capacity enhancement. The calculation methods, change trends and geological
interpretation significance of each evaluation index are shown in Table 5.

In terms of pore—fracture structural modification, taking the volume proportion of
pores with aperture less than 80 pm as the evaluation index, the proportion of small-
aperture pores in all three types of fracture networks decreases after fracturing, and the
decrease amplitude increases with the increase in fracture-network complexity. Among

https:/ /doi.org/10.3390/app16157767


https://doi.org/10.3390/app16157767

Appl. Sci. 2026, 16, 7767

15 of 27

them, Type I fracture network decreases by 1.86 percentage points (relative decrease of
2.38%), Type 1I fracture network decreases by 2.82 percentage points (relative decrease
of 4.07%), and Type III fracture network decreases by 6.43 percentage points (relative
decrease of 8.91%). This result indicates that complex composite fracture networks can
effectively communicate and expand micro-pores inside the reservoir and significantly
improve pore—throat connectivity. The modification intensity of Type III fracture network
on micro-pore structure is about 4.4 times that of Type I fracture network.

(b)Type I (©)Type II | (dType Il

[ zom |

| 2om |

Figure 5. Representative post-fracturing core photograph and CT-derived 3D fracture-network
reconstructions for the three hydraulic fracture-natural fracture coupling types in the Chang 8; tight
sandstone reservoir. (a) Macroscopic core image showing typical fracture development characteristics
of post-fracturing full-diameter cores; (b) 3D reconstructed fracture network of the Type I coupling
type; (c) 3D reconstructed fracture network of the Type II coupling type; (d) 3D reconstructed
fracture network of the Type III coupling type. Blue regions in panels (b—d) denote the interpreted
open fractures.

In terms of aperture improvement, taking the average aperture increase of bedding
fractures with aperture less than 200 pm as the evaluation index, the average aperture of
bedding fractures in Type III fracture network increases from 140.81 pm before fracturing to
199.37 um after fracturing, with an absolute expansion of 58.56 um and a relative increase
of 41.58%, which is much higher than that of Type II fracture network (3.70%) and Type
I fracture network (2.22%). This confirms that multi-fracture synergistic propagation has
a significant expansion effect on bedding fractures, and the improvement amplitude of
Type III fracture network on bedding fracture aperture is about 18.7 times that of Type I
fracture network.

In terms of fracture volume increase (characterized by total porosity enhancement),
the total porosity of Type III fracture network increases from 11.08% before fracturing to
15.41% after fracturing, with an absolute increase of 4.33 percentage points and a relative
increase of 39.08%; Type II fracture network increases from 11.20% to 13.66%, with a relative
increase of 21.96%; and Type I fracture network only increases from 6.60% to 7.24%, with
a relative increase of 9.70%. Composite fracture networks have an obvious optimization
effect on reservoir space, and the relative increase in total porosity of Type III fracture
network is about four times that of Type I fracture network.
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Table 5. CT-derived indicators and classification criteria for stimulation-effect evaluation.

Evaluation
Dimension

Indicator

Calculation/Expression

Diagnostic Tendency

Interpretive
Meaning

Pore—fracture

Small-aperture

Compare fractured and

Lower small-aperture

Indicates dilation and

adjacent non-fractured  proportion and higher connection of
structural pore/fracture . .
P . intervals; use <80 um or large-aperture micro-scale
modification proportion . - .
original size classes. proportion. pore—fracture structures.
Compare CT-derived
Fracture Fracture poros-ity porosi.ty /fracture Increased porosity o Indicates added or
. or total porosity porosity between . enlarged connected
volume increase . fracture porosity.
change fractured and adjacent fracture volume.
intervals.
Compare

Lamina-fracture

lamina/natural-fracture

Indicates

Aperture apertures; <200 pm can activation/opening of
. aperture or mean Aperture enlargement. .
improvement be used for natural weak planes;
fracture aperture . s .
lamina-fracture auxiliary evidence only.
statistics.
C.T-base.d 31_3 seepage Indicates enhanced
Seepage- Equivalent simulation; compare conductivity; state
pas . X/Z or equivalent Increased ’
capacity permeability o o model scale, flow
permeability under permeability. —
enhancement change direction and boundary
stated boundary o\
o conditions.
conditions.
Integrate structural Classify as
. . modification, fracture Multiple indicators weak/moderate/strong
Integrated Stimulation- . N
A=A volume, aperture and improve with higher at the Chang 8;
classification effect grade

seepage-capacity
response.

coupling complexity.

core-scale; not a
universal standard.

In terms of seepage-capacity enhancement, the matrix permeability of Type III
fracture network increases from 1.93 mD before fracturing to 5.79 mD after fracturing,
with an absolute increment of 3.86 mD and a relative increase of 200%; Type II fracture
network increases from 2.00 mD to 2.67 mD, with a relative increase of 33.5%; and
Type I fracture network increases from 0.09 mD to 0.13 mD, with a relative increase of
44.4%. Type III fracture network has the most significant improvement effect on matrix
permeability, with its absolute increment about 5.8 times that of Type II fracture network
and relative increase about six times that of Type II fracture network. The seepage
capacity differences among the three coupling types are further visualized in Figure 6,
where the simulated flow fields clearly show the more efficient and extensive conductive
paths in Type III networks.

Based on the four evaluation indicators, it can be seen that the complexity of the frac-
ture network has a significant positive correlation with the reservoir fracturing stimulation
effect, and the Type III dual main fractures—diverted fractures—natural fractures coupling
type represents the optimal configuration for improving seepage capacity in tight sandstone
reservoirs. The quantitative comparison of all four indicators is summarized in Figure 7,
which intuitively demonstrates the stepwise improvement of stimulation effectiveness with
increasing fracture-network complexity.
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(a) Type I

Figure 6. Seepage-capacity differences among three hydraulic fracture—natural fracture coupling
types based on CT-derived fracture-network models. (a) Type I: single hydraulic-fracture type (depth:
2580.00-2580.48 m); (b) Type II: single main fracture-diverted fracture-natural fracture type (depth:

2823.40-2824.30 m); (c) Type III: dual main fractures—diverted fractures-natural fractures type (depth:
2599.15-2600.00 m).
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Figure 7. CT-derived multi-indicator evaluation of hydraulic-fracturing stimulation effects.

4. Discussion
4.1. Relationships Among Lithological Structure, Fracture Coupling, and Stimulation Effect

The conceptual model (Figure 8) illustrates a hierarchical causal chain where litho-
logical structure exerts first-order control on hydraulic fracture-natural fracture cou-
pling types, which in turn determine the final stimulation effect in tight sandstone reser-
voirs. This chain is validated by quantitative core CT data from the Chang 8; reservoir,

revealing distinct lithology-dependent fracture behaviors and their direct impacts on
seepage-capacity enhancement.
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Figure 8. Conceptual model linking lithological structure, hydraulic fracture-natural fracture cou-
pling and stimulation effect in tight sandstone reservoirs. Single hydraulic-fracture-type fracture
network (2599.36-2599.490 m); single main fracture—diverted fracture-natural fracture-type fracture
network (2744.32-2744.44 m); dual main fractures—diverted fractures-natural fractures-type fracture
network (2580.05-2580.30 m). The red arrows indicate the specific fracture types and propagation
paths mentioned in the labels.

4.1.1. Lithological Control on Hydraulic Fracture Surfaces and Coupling Potential

Lithological structure, defined by mineral composition, grain arrangement, and bed-
ding characteristics, fundamentally governs hydraulic-fracture propagation behavior and
the likelihood of natural-fracture activation. Three distinct lithological end-members iden-
tified in the study area exhibit markedly different fracture surface morphologies and
coupling potentials:

Massive sandstone: Characterized by low clay content, high brittleness, and negligible
bedding development, massive sandstone produces straight, continuous main hydraulic
fractures with large apertures (200-500 pm) and strong cross-bed penetration. The weak
bedding control limits fracture diversion and natural-fracture activation, resulting in rela-
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tively simple fracture networks dominated by single main fractures. While this lithology
provides the highest individual fracture conductivity, its low network complexity restricts
overall reservoir stimulation volume.

Argillaceous laminated sandstone: High clay content and well-developed horizontal
laminae create strong mechanical anisotropy. Hydraulic fractures tend to propagate along
laminae, forming discontinuous, wavy fracture surfaces with uneven apertures. The
argillaceous laminae act as barriers to vertical fracture growth but promote the activation
of bedding-parallel natural fractures. However, the poor continuity of these activated
fractures limits effective network connectivity, requiring optimized fluid volume and
proppant placement strategies to maintain conductivity.

Cross-bedded sandstone: This lithology represents an optimal balance between brittle-
ness and bedding development. Cross-bedding interfaces provide preferential weak planes
that induce fracture diversion and branching, while the moderate clay content maintains
sufficient brittleness for main fracture propagation. The resulting fracture networks exhibit
moderate complexity, with main fractures connected to abundant reactivated bedding
fractures, creating a well-integrated conductive system.

These observations confirm that lithological heterogeneity is the primary geological
control on fracture coupling. The degree of mechanical anisotropy, determined by bedding
density and clay content, dictates whether hydraulic fractures will propagate as simple
planar features or develop into complex interconnected networks through interaction with
natural weak planes. This control mechanism arises from the combined effect of rock brittle-
ness and weak plane distribution. Massive sandstone with high brittleness and negligible
bedding allows fractures to propagate along the maximum principal stress direction with
minimal deflection, forming simple planar fractures. Argillaceous laminated sandstone
shows strong mechanical anisotropy, so fractures tend to propagate along laminae rather
than cutting through vertically, resulting in poor continuity. Cross-bedded sandstone
provides multi-directional weak planes while maintaining sufficient brittleness, which
promotes fracture diversion and natural-fracture activation simultaneously, leading to the
most complex coupled network.

4.1.2. Quantitative Relationship Between Fracture Coupling Types and Seepage Capacity

Based on fracture assemblage, spatial connectivity, and seepage behavior, three distinct
hydraulic fracture—natural fracture coupling types were classified, each with characteristic
quantitative parameters and seepage performance:

The stepwise increase in seepage capacity from Type I to Type Il is essentially con-
trolled by the transformation of flow patterns and the expansion of matrix supply scope.

For Type I networks with a single main fracture, fluid flow is dominated by linear
channeling along the main fracture, and the matrix can only supply fluid to the fracture
surface within a narrow range. This seepage mode results in limited effective drainage
volume, even if the main fracture itself has high conductivity.

For Type II networks, diverted fractures and locally reactivated bedding fractures
expand the contact area between the fracture system and the matrix, changing the flow
pattern from single-channel linear flow to multi-branch network flow. The expanded matrix
supply range is the core reason for the significant permeability improvement compared
with Type L

For Type III networks, dual main fractures provide two high-conductivity backbone
channels, and a large number of reactivated natural fractures build a multi-level seepage
grid covering a wider matrix area. This composite structure not only increases the total
fracture volume, but more importantly, greatly improves the spatial uniformity of the
seepage field, thus achieving the highest seepage efficiency.
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The stepwise increase in seepage capacity with coupling complexity is driven by three
synergistic mechanisms: (1) additional main fractures double the core conductive pathways;
(2) diverted fractures expand the fracture network’s areal coverage; and (3) reactivated
natural fractures establish critical connections between the artificial fracture system and
the reservoir matrix. These mechanisms collectively transform isolated pore spaces into
an interconnected seepage system. The formation of dual main fractures in Type III
networks is mainly controlled by two factors: (1) the development of two sets of nearly
orthogonal natural fracture systems in cross-bedded sandstone, which provide preferential
propagation paths for hydraulic fractures; (2) local stress perturbation caused by adjacent
fracture propagation, which induces the initiation of a secondary main fracture parallel
to the primary one. This dual-main-fracture structure significantly expands the effective
stimulation volume and provides dual high-conductivity pathways for fluid flow. Notably,
the classification scheme established here differs fundamentally from previous fracture
network frameworks. Most existing classifications are derived from numerical simulations,
outcrop surveys or microseismic monitoring, which can only infer network morphology at
the reservoir scale but cannot capture the actual coupling state at the core scale. By contrast,
the three types defined in this work are built on direct observations of post-fracturing
full-diameter cores, with quantitative permeability constraints from pore-scale simulations.
Compared with core-based descriptions from North American test sites, which focus
on geologically simpler marine reservoirs, this scheme explicitly accounts for the strong
lithological heterogeneity of continental tight sandstones and establishes a quantitative
link between fracture assemblage and seepage capacity, providing a more targeted basis
for fracturing optimization in continental strata.

4.1.3. Multi-Dimensional Evaluation of Stimulation Effect

Core CT data allow quantitative dissection of stimulation effects across multiple
interrelated dimensions, all of which exhibit consistent improvement with increasing
complexity of hydraulic fracture-natural fracture coupling (Figures 9 and 10).

The four evaluation dimensions do not change independently, but constitute a progres-
sive causal chain: structural modification of pore—fracture systems — aperture enlargement
of natural weak planes — increase in effective fracture volume — improvement of overall
seepage capacity (Table 6).

Table 6. Variations in key parameters for hydraulic fracturing stimulation-effect evaluation.

Evaluation Dimension Indicator Type I Type II Type III
Pore—fracture structure Pre-fracturing proportion 78.30% 68.37% 71.96%
(pores/fractures with aperture Post-fracturing proportion 76.44% 65.55% 64.49%
p <80 um) P Absolute change (pre—post) 1.86% 2.82% 6.43%
H Relative change ((pre—post)/pre) 2.38% 4.07% 8.91%
Pre-fracturing mean aperture 131.92 um 140.02 pm 140.81 pm
Bedding fracture aperture (fractures Post-fracturing mean aperture 134.85 pm 145.20 pm 199.37 pm
with aperture <200 um) Absolute change (post-pre) 2.93 um 5.18 um 58.56 um
Relative change ((post-pre)/pre) 2.22% 3.70% 41.58%
Pre-fracturing 6.60% 11.20% 11.08%
Total porosit Post-fracturing 7.24% 13.66% 15.41%
P y Absolute change (post-pre) 0.64% 2.46% 4.33%
Relative change ((post-pre)/pre) 9.70% 21.96% 39.08%
Pre-fracturing 0.09 mD 2.00 mD 1.93 mD
Matrix permeabilit Post-fracturing 0.13mD 2.67 mD 5.79 mD
P y Absolute change (post—pre) 0.04 mD 0.67 mD 3.86 mD
Relative change ((post—pre)/pre) 44.44% 33.50% 200%
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Figure 9. Significant differences in seepage conductivity among the three hydraulic fracture-natural
fracture coupling types simulated by CT-derived 3D digital fracture models. Type I: single hydraulic-
fracture type; Type II: single main fracture-diverted fracture-natural fracture type; Type III: dual
main fractures—diverted fractures—natural fractures type.
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Figure 10. Diagram of variations in key evaluation indicators of cores before and after hydraulic
fracturing. (a,b) Changes in pore—fracture structure before and after fracturing; (c,d) changes in
lamina-fracture aperture; (e,f) changes in total porosity before and after fracturing.

Pore—fracture structural modification is the micro-scale foundation of stimulation.
Hydraulic fracturing connects isolated micro-pores and redistributes pore volume to larger
flow channels, which essentially improves the connectivity of the matrix pore-throat sys-
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tem. The degree of this modification is positively correlated with network complexity,
because complex fracture networks can penetrate more matrix areas and activate more
micro-scale pore spaces. Aperture enlargement of lamina fractures is the key link connect-
ing structural modification and seepage improvement. In continental tight sandstones,
bedding fractures are the most widely developed natural weak planes, but most of them
are in a closed or semi-closed state before fracturing. The synergistic propagation of
multistage fractures transmits fluid pressure into the surrounding rock, reopening these
originally closed bedding fractures and converting them into effective seepage channels.
This mechanism is particularly prominent in Type III networks with dual main fractures.
The increase in total porosity reflects the net increment of effective reservoir space caused
by fracturing, including both the volume of newly generated hydraulic fractures and the
volume of reopened natural fractures. This storage space increment provides the material
basis for seepage capacity improvement. The exponential growth of permeability is the
comprehensive manifestation of the above three dimensions. Different from the simple
superposition of fracture volume, the construction of a multi-level conductive network
fundamentally changes the seepage mode of the reservoir, which is the core mechanism for
the substantial improvement of flow capacity.

These core-scale quantitative observations complement existing stimulated reservoir
volume (SRV) evaluation frameworks that rely predominantly on indirect monitoring
data. Conventional SRV estimation based on microseismic interpretation or production
data inversion characterizes stimulation effects at the reservoir scale, but cannot resolve
millimeter-scale internal structural changes in pore—fracture systems. Relative to core-based
studies from North American test sites, which focus largely on geologically simpler marine
reservoirs, this work demonstrates that strong lithological heterogeneity in continental
tight sandstones produces highly differentiated stimulation responses. In particular, the
stepwise increase in permeability across the three coupling types highlights that interaction
between hydraulic fractures and pre-existing bedding fractures is the dominant mechanism
for seepage improvement in continental strata—a mechanism less prominent in more
homogeneous marine reservoirs. This finding provides a core-scale geological explanation
for the strong production heterogeneity commonly observed in fractured continental tight
sandstone wells.

4.2. Application Significance and Limitations of the CT-Based Evaluation Method
4.2.1. Core Application Significance

The core CT-based evaluation method developed in this study addresses key limita-
tions of conventional indirect stimulation assessment approaches, offering distinct advan-
tages for tight sandstone reservoir characterization and fracturing optimization.

Most notably, the method enables direct, quantitative characterization of post-
fracturing fracture systems. Unlike microseismic monitoring, production logging and
numerical simulation, which yield indirect and often ambiguous estimates of fracture
geometry, core CT scanning supports direct visualization and quantitative measurement of
fracture aperture, density, orientation, connectivity and proppant distribution. This elimi-
nates much of the uncertainty inherent to indirect interpretation, and provides ground-truth
data for the calibration of hydraulic-fracture propagation models.

Beyond surface observation, CT imaging supports full three-dimensional reconstruc-
tion of internal fracture networks. This overcomes the constraints of two-dimensional core
surface description, allowing accurate assessment of fracture topology, spatial distribution
and internal connectivity—parameters critical to understanding fluid flow behavior in
stimulated reservoirs that cannot be recovered from conventional core logging.
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Complementing structural characterization, the proposed multi-dimensional evalua-
tion framework provides a holistic assessment of stimulation effectiveness. By integrating
pore—fracture structural modification, fracture volume increase, aperture improvement and
equivalent seepage capacity, the framework moves beyond simple productivity metrics to
quantify the fundamental geological changes induced by hydraulic fracturing, supporting
a more mechanistic understanding of stimulation processes.

From an engineering perspective, the method underpins geology—engineering inte-
grated optimization of fracturing design. The quantitative linkage established between
lithological structure, hydraulic fracture—natural fracture coupling type and stimulation
effect provides a geological basis for targeted design adjustment. For instance, massive
sandstone intervals benefit from increased perforation cluster density to promote network
complexity, whereas argillaceous laminated sandstone requires optimized fluid volume and
proppant concentration to sustain fracture conductivity and prevent premature closure.

At the field scale, core CT datasets serve as a valuable calibration tool for downhole
monitoring technologies. Core-derived fracture parameters can be used to constrain mi-
croseismic and distributed fiber optic sensing (DAS/DTS) interpretations, improving the
accuracy of field-scale fracture characterization. This calibration function is particularly
valuable for continental tight sandstone reservoirs, where strong lithological and mechan-
ical heterogeneity reduces the reliability of indirect monitoring approaches relative to
homogeneous marine systems.

4.2.2. Key Limitations

Despite its considerable strengths, the core CT-based evaluation framework is subject
to a number of limitations that must be carefully weighed when extending findings to the
reservoir scale.

A fundamental limitation stems from the inherent scale discrepancy between core-
scale observations and reservoir-scale attributes. Core samples represent only a minute
fraction of the stimulated reservoir volume, and while CT imaging delivers high-resolution
data at the millimeter-to-centimeter scale, it is intrinsically unable to resolve large-scale
fracture heterogeneities such as regional fracture trends, fault zones, and inter-well varia-
tions. Accordingly, the quantitative thresholds of coupling types and permeability values
obtained in this study are more suitable for revealing the geological mechanism of fracture
coupling, and cannot be directly used as field-scale design parameters. The core-scale
results need to be calibrated and upscaled by combining with reservoir-scale numerical
simulation and field monitoring data before engineering application. Consequently, the
core-scale classification scheme and quantitative parameters developed in this study are
best employed to calibrate reservoir-scale numerical models, rather than being adopted
directly as field-scale design criteria.

A further constraint is that the method captures a static, post-fracturing snapshot of the
fracture network, offering no direct insight into the dynamic behavior during production.
Processes such as fracture closure under in situ stress, proppant embedment, and fines
migration over long-term production can markedly degrade fracture conductivity and well
performance. The permeability values reported herein reflect the initial, post-stimulation
state; thus, long-term conductivity retention must be assessed through integration with
field production data. Therefore, the permeability values in this paper reflect the initial
state immediately after fracturing. For long-term production evaluation, the attenuation
law of fracture conductivity under stress and production conditions needs to be further
analyzed by combining core flow experiments and field production dynamic data.

The reliance on core material from a single cored well also introduces representative-
ness concerns. Post-fracturing coring is both costly and technically demanding, which

https:/ /doi.org/10.3390/app16157767


https://doi.org/10.3390/app16157767

Appl. Sci. 2026, 16, 7767

24 of 27

restricted the present investigation to one well in the Xi 119 well block. Although the
selected intervals encompass the typical lithologies and degrees of fracture development
observed across the study area, the pronounced spatial heterogeneity of continental tight
sandstone reservoirs means that fracture coupling types may differ in other blocks. The
generality of the proposed classification scheme therefore requires validation against addi-
tional core datasets spanning different blocks and tight-reservoir types. Given the strong
sedimentary heterogeneity of continental tight sandstones, the distribution proportion
and development degree of the three coupling types may vary in different sedimentary
facies belts and structural positions. The classification scheme proposed in this study is still
applicable in terms of genetic mechanism, but the specific quantitative thresholds need to
be adjusted according to actual core data of different blocks.

Potential bias in fracture-genesis classification represents another challenge. Determin-
ing fracture origin depends on the integrated interpretation of multiple evidence strands.
While a three-step screening procedure was implemented to exclude engineering-induced
fractures, and multi-evidence calibration was applied to hydraulic-fracture identification, a
small probability of misclassification persists for fractures of ambiguous origin. In addition,
sub-voxel microfractures below the CT detection limit cannot be quantified, which likely
leads to a slight underestimation of total fracture volume and network connectivity. Accord-
ing to the multi-evidence identification process adopted in this study, the misclassification
probability of fractures with clear genetic evidence is less than 5%; for ambiguous fractures,
the possible deviation of quantitative parameters is about 5-10%. This deviation will not
change the stepwise increasing trend of permeability from Type I to Type III, so the core
conclusion of the study is robust.

Stress-state differences between recovered cores and the in situ reservoir constitute
a further complication. Cores are retrieved under ambient pressure conditions, which
deviate substantially from the in situ stress environment. Stress release during core recovery
can alter fracture aperture and connectivity, potentially biasing the measurements. The
aperture values presented in this study correspond to the ambient-pressure state, and
in situ stress corrections are necessary when transferring these parameters to reservoir
conditions. Existing studies show that stress release will cause the fracture aperture to
increase by about 10-20% compared with the in situ state. When the results are applied to
reservoir evaluation, in situ stress correction should be carried out according to the actual
formation stress conditions to obtain more realistic fracture conductivity parameters.

Finally, the high temporal and financial cost of high-resolution core CT scanning
renders it impractical for routine deployment across a large number of wells. Collectively,
these limitations mean that core-scale results provide a geological basis for understanding
fracture coupling mechanisms, but require calibration with field-scale monitoring data
when applied to reservoir-scale fracturing design. The technique is more appropriately
reserved for key test wells and mechanistic investigations, rather than serving as a tool for
wide-scale implementation in oilfield development.

4.2.3. Future Improvements

To address the aforementioned limitations, future research should prioritize four
key directions. First and foremost, bridging the gap between core-scale observations and
reservoir-scale applications requires a multi-scale data integration approach. By com-
bining core CT data with seismic, well logging, microseismic, and production data, a
unified fracture characterization framework can be constructed to facilitate the transition
from mechanistic understanding to engineering application. Furthermore, capturing the
dynamic evolution of fracture conductivity is crucial; this involves integrating core CT
characterization with long-term production monitoring and flow experiments to elucidate
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how stress closure, proppant embedment, and water flooding affect fracture networks
over time. In parallel, advancements in intelligent interpretation are needed to handle
large-volume datasets efficiently. Developing Al-driven algorithms for automated fracture
identification and segmentation—constrained by geological knowledge—will significantly
enhance both processing efficiency and interpretive consistency. Finally, to mitigate mea-
surement biases caused by stress release, future studies should focus on in situ condition
simulation. Conducting hydraulic fracturing physical simulations under realistic stress and
temperature conditions during CT scanning will allow for a more accurate reproduction of
actual fracture propagation processes in the reservoir.

5. Conclusions and Outlook

(1) A core-scale workflow for identifying post-fracturing fracture networks was estab-
lished by integrating full-diameter core CT images, core-surface observations, fracture-
surface features and proppant/tracer evidence. Natural fractures, hydraulic fractures
and engineering-induced fractures were distinguished according to their genetic
evidence, CT expression, geometry and contribution to the effective fracture network.

(2) Lithological structure strongly controls hydraulic-fracture surface morphology. Mas-
sive sandstone mainly develops straight, continuous and large-aperture main hy-
draulic fractures, forming high-conductivity but relatively simple fracture systems.
Argillaceous laminated sandstone tends to generate bedding-controlled, discontinu-
ous and uneven-aperture fractures, resulting in limited effective connectivity. Cross-
bedded sandstone is more favorable for fracture diversion, branching and activation
of bedding-related fractures, thereby promoting more complex fracture networks.

(3) Three hydraulic fracture-natural fracture coupling types were classified based on frac-
ture assemblage, spatial connectivity and seepage behavior: Type I, single hydraulic-
fracture type; Type II, single main fracture—diverted fracture-natural fracture type;
and Type III, dual main fractures-diverted fractures—natural fractures type. From Type
I to Type 111, fracture linear density, connectivity and equivalent permeability increase
progressively, indicating that diverted fractures and reactivated natural fractures are
key factors controlling seepage-capacity enhancement.

(4) A CT-derived stimulation-effect evaluation framework was proposed by integrat-
ing pore—fracture structural modification, fracture volume increase, aperture im-
provement and seepage-capacity enhancement. The dual main fractures—diverted
fractures—natural fractures type shows the strongest stimulation response and repre-
sents the most favorable fracture-network configuration at the core-scale. The pro-
posed method provides direct geological evidence for optimizing perforation-cluster
design, fracture-network regulation and well-pattern adjustment in tight sandstone
oil reservoirs, although further integration with microseismic, logging and production
data is still needed for reservoir-scale evaluation.
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